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A new pulse sequence entitled DQ-DRENAR, (Double-Quantum based Dipolar Recoupling Effects Nuclear
Alignment Reduction) was recently described for the quantitative measurement of magnetic dipole–
dipole interactions in homonuclear spin-1/2 systems involving multiple nuclei. The double quantum
coherences were created via a windowless symmetry-based pulse sequence (POST-C7). The present
contribution evaluates the performance of the “Back-to-Back” excitation pulse scheme BABA-xy16 in
such DRENAR experiments. Using SIMPSON simulations, special attention is given to ﬁnite pulse length
effects, dipolar truncation, and chemical shift anisotropy interference. Experimental results on model
compounds demonstrate good stability up to long mixing times (410 ms) as well as high accuracy. As its
dipolar coupling efﬁciency is relatively high (the dipolar coupling scaling factor is 4.24 times as high as
that of POST-C7), DQ-DRENAR-BABA-xy16 is most appropriate for the measurement of relatively weak
dipolar coupling strengths (o400 Hz). Different from POST-C7, for which the spinning rate is limited to
1/7 of the nutation frequency, DQ-DRENAR-BABA-xy16 experiments can take full advantage of ultrafast
MAS experiments.
& 2015 Elsevier Inc. All rights reserved.1. Introduction
Because of their straightforward relationship to inter-nuclear
distance geometry, and bond connectivity, magnetic dipole–dipole
coupling information is one of the principal targets of solid state
nuclear magnetic resonance (SSNMR) experiments [1–5]. While
simple static experiments such as Hahn spin-echo decay [6–9] and
spin-echo double resonance (SEDOR) spectroscopies [10] afford
such information as well, the combination with magic-angle
spinning (MAS) is much more powerful as it allows this informa-
tion to be obtained in a site-resolved fashion. As previously dis-
cussed, the homonuclear dipolar coupling interaction can be re-
introduced into the MAS Hamiltonian by applying appropriate re-
coupling schemes while preserving the high resolution afforded by
MAS [11–15].
Compared to the site-resolved measurement of heteronuclear
dipole coupling by dipolar recoupling methods such as REDOR [5],
the homonuclear case is substantially more complex, both from a
theoretical and an experimental standpoint, especially when,multi-spin interactions are encountered. Speciﬁcally, dipolar
truncation phenomena inﬂuence the otherwise straightforward
effect of the distance geometry upon the experimental observables
[16–18] and the separation of dipolar interaction and chemical
shift anisotropy effects is sabotaged by intractable cross-terms
involving both interactions [19]. Because of these complications,
calibration procedures used to compensate for experimental im-
perfections are often valid only for speciﬁc situations and are thus
not generally applicable. As a result, among the numerous
homonuclear dipolar recoupling methods that have been devel-
oped [20–25]; no clear method of choice can be identiﬁed. A
powerful approach of homonuclear re-coupling is based on the
excitation of double quantum coherences using suitable excitation
strategies [26–33]. One interesting variant in this context is the
DQ-DRENAR method developed in our laboratory [32,33], which
accomplishes recoupling by means of a POST-C7 sequence. The
sequence consists of two DQ-excitation blocks, which result in
attenuating the z-magnetization, which is then detected by a
simple 90° pulse (signal intensity S’). A reference signal S° with the
dipolar recoupling absent is generated by shifting the phase of the
second DQ excitation block by 90° relative to the ﬁrst block. In
analogy to the REDOR approach, the homonuclear dipole–dipole
coupling constant can then be easily extracted from a plot of the
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In contrast to the related method of double-quantum excitation
spectroscopy [27,28], DRENAR measures the decay of longitudinal
magnetization as a function of dipolar mixing time. While DQ-
DRENAR has proven a robust method for homonuclear dipolar
coupling measurements, the DQ excitation using windowless
pulses suffers from certain practical limitations regarding the
spinning rate and mixing times, which are associated with the
boundary conditions of the POST-C7 pulse block (the nutation
frequency has to be 7 times the spinning rate and the pulses are
windowless during the whole mixing time). As suggested by
Saalwächter [34], results of equivalent quality should be obtain-
able using Back-to-Back (BABA) DQ- excitation. The effects of CSA
and resonance offsets upon the performance of DRENAR in rela-
tion to DQ-excitation spectroscopy was discussed on the basis of
detailed simulations, however, no experimental results were pre-
sented. Here we will give a detailed discussion of DQ-DRENAR
with BABA excitation, from the theoretical, simulation, and ex-
perimental perspectives.Fig. 1. (a) Standard DQ-DRENAR-BABA-xy16: the combination of pulse block 1 and
2 constitutes the BABA-xy-16 sequence; all the pulses within blocks 1′ and 2′ are
90° shifted relative to the blocks 1 and 2, respectively. The S° reference signals are
obtained by combining the BABA-xy16 and 90° shifted BaBA-xy16 to average out
the dipolar coupling effect. S’ is obtained by repeating the unshifted BABA-xy16
block to recouple the dipolar interaction. (b) Modiﬁed sequence (see text); (c) the
construction of the pulse block, corresponding to phases 1, 2, 1′ and 2′.2. Theoretical background
The theory of DQ-DRENAR has been described in Ref. [33]. The
DQ-DRENAR-BABA-xy16 sequence discussed in the present
manuscript is shown in Fig. 1. The pulse blocks of (a) and (b) are
BABA-xy16 and an additional modiﬁed version, respectively. In the
modiﬁed version, two pulse blocks are added before the normal
DQ-DRENAR-BABA-xy16 sequence; in the S’ part, the phase of
pulse block 2 alternates between 0 and π . Both DQ-DRENAR-BABA-
xy16 and the modiﬁed one can generate the data points every 16
rotor periods. However, their data points have 8 rotor period shifts.
Therefore, by combining DQ-DRENAR-BABA-xy16 and the mod-
iﬁed one, the data step can be reduced to 8 rotor periods. By
combining BABA-xy16 and its modiﬁcation, the increment of the
mixing time can be decreased from normally 16 rotor periods to
8 rotor periods. In DRENAR, the dipolar recoupling effected by this
DQ-Hamiltonian results in a diminution of the longitudinal mag-
netization, whose amplitude (S’) is then detected with a 90°
reading pulse. In the referencing experiment, all pulses during the
second half of the mixing time are rotated by 90° resulting in no
recoupling of the magnetic dipolar interaction. Again, the ampli-
tude of the longitudinal magnetization (S0) is then measured as a
function of mixing time. Owing to the difference method used,
some unwanted decay owing to relaxation effects is eliminated.
In a spin system containing two spin-1/2 nuclei, BABA is re-
presented by the Hamiltonian [35]:
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For a three-spin system, similar as with DQ-DRENAR-POST-C7,
the normalized dephasing effect is given by:
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Whereas for a treatment of the three-spin interaction in terms
of a summation of three two-spin interactions the equation would
be:
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The comparison between (6) and (7) reveals the pre-factor a,
which scales the dephasing effect. When d d dik jk ji2
2 2≫ + , the
dephasing effect affecting the signal of the observed spin j is
strongly diminished (dipolar truncation effect [16–18]).
After powder averaging and ﬁrst order approximation of
d d d NTcos ik jk ji r2
2 2( ( + + ) ), the observed normalized dephas-
ing is calculated from the expression
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Thus, in multiple-spin systems, an effective dipolar coupling
consnt bjk can be deﬁned as
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Thus, compared with the dephasing effect of DQ-DRENAR-
POST-C7 [33],
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DQ-DRENAR-BABA has a 4.24 times higher scaling factor re-
garding excitation strength. Therefore BABA is expected to be
particularly useful for measuring very weak dipolar coupling
effects.3. Results and discussion
3.1. Simulations
Fig. 2 shows the attenuation curve for isolated two-spin-1/2
systems simulated using the SIMPSON program package [36]. The
normalized dephasing consists of an initial build-up region fol-
lowed by an oscillatory part. In principle, the dipolar coupling
constant can be measured accurately by simulating the oscillatoryΔb
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Fig. 2. Simulated 2-spin DQ-DRENAR-BABA-xy16 curves and error analysis. (a) The cu
spectively; (b) the normalized systematic error (deviation b b/jk jk
2 2∆ of the estimated bjk2 v
pulses (90° pulse length of 0.1 μs) are assumed.part at long dipolar mixing times. However, in disordered systems,
the internuclear distance and the dipolar constants are not sin-
gular values, but are subject to some distribution effects. As a re-
sult, the oscillations are damped or not even observed in such
systems. Similar damping effects occur as a result of secondary
inter-pair interactions at longer distance ranges. For these reasons,
it appears more useful to estimate the dipolar coupling informa-
tion from the initial dephasing at short mixing times. From (9), it
can be found that by ﬁtting the initial data range to a parabola, the
square of the effective dipolar constant, bjkeff, can be obtained.
Clearly, this approximation results in a systematic underestimation
effect, which gets more serious with increasing ﬁtting range.
Fig. 2b shows that, independent of the spin geometry, this error is
contained within the random error threshold of 10–15% if data
analysis is limited to the data range 0.4 0.5S S
S
0
0
≤ −( − ‵) . If in the ab-
sence of dipolar truncation effects – the parabolic analysis can be
carried out within this particular data range, Fig. 2b shows that we
can account for this systematic error by means of the calibration
factor fa0.875.
It should be noted that beside the ﬁrst order approximation,
the ﬁnite 90° pulse length (as opposed to an inﬁnitely short one)
during the rotor cycle also results in a systematic underestimation
of the effective dipolar coupling strength. With increasing duty
cycle (ratio of pulse length to half rotor period), both the nor-
malized dephasing rate and apparent bjk
2 value obtained by para-
bolic ﬁtting (see Fig. 3) of the simulated data decrease. This kind of
underestimation can be approximated by the universal empirical
expression:
⎛
⎝⎜
⎞
⎠⎟
b
b
2. 53
pulse length
half rotor period 10
jk
jk
2
2
2∆
= − ×
( )
where b b btrue apparentjk jk jk
2 2 2∆ = ( ) − ( ), b b truejk jk2 2= ( ). Because
such errors can be quantitatively predicted, we can use a calibra-
tion factor fp to correct such underestimation. This calibration
factor can be deﬁned as:
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rves are simulated, assuming bjk¼50, 100, 200, 400, 800 Hz and vr¼40 kHz, re-
alue from the true value) using the parabolic ﬁtting approximation. Extremely short
Fig. 3. Systematic error resulting from ﬁnite pulse lengths in BABA-DRENAR. (a) Simulated two-spin DQ-DRENAR-BABA-xy16 and modiﬁed DQ-DRENAR-BABA-xy16 data
curves with different 90° pulse lengths, assuming bjk¼400 Hz, vr¼40 kHz, respectively. (b) The systematic error of bjk2 value caused by ﬁnite 90° pulse length at different
spinning rates. The blue dashed curve shows a ﬁt to the correlation of the normalized underestimation ( b b/jk jk
2 2∆ ) that would result by making a parabolic ﬁt to the
experimental data within ∆S/S0 against the ratio of (pulse length)/(half rotor period). Simulation results for different dipolar coupling strengths are included. (c) Plot of fP (see
text) as a function of duty cycle (pulse length per half rotor period) for different magnitudes of. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)
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2 ( ) and b apparentjk2 ( ) are the correct and the apparent
bjk
2 values, respectively. Here, the apparent value is the one ob-
tained by ﬁtting the experimental data to a parabola, following Eq.
(8). Fig. 3 shows that up to duty cycles of 20% the systematic ﬁnite
pulse length error is comparable to the random error of the
measurement. Furthermore, the calibration factor is essentially
independent of the magnitude of the dipolar coupling strength.
As discussed above, DQ-DRENAR-BABA-xy16 can be easily ex-
tended to multiple spin systems. Fig. 4, left, shows the simulated
data curves for Ij(Ik)n systems at equal distances in a pseudo-tet-
rahedral geometry. With increasing n, the dephasing effect and the
oscillation frequency increase as expected. By parabolic ﬁtting or
SIMPSON simulation of the initial data range, the quantity bk jk
2∑
can be estimated according to Eq. (8). In addition, multiple-spin
systems will be affected by dipolar truncation effects (see Fig. 4,
right), necessitating more limited ﬁtting or simulation ranges to
avoid large systematic errors in the bk jk
2∑ values extracted from
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Fig. 4. Left: Simulated DQ-DRENAR curves for an Ij(Ik)n spin system in a pseudo-tetrahed
spins k is taken into account, assuming bjk¼ 100 Hz, vr¼20 kHz, respectively. Right: Dipo
system, where the observe spin j is coupled to spin k, which is also coupled to spin i; bik/b
Extremely short pulses (90° pulse length of 0.1 μs) are assumed.The CSA always interferes with an accurate measurement of the
homonuclear dipolar coupling. Fig. 5 shows the simulated data
curves obtained for DQ-DRENAR-BABA-xy16 and its modiﬁed
version. Contrary to the situation with DQ-DRENAR-POST-C7, CSA
interference effects behave in a more straightforward fashion: the
dipolar coupling constant is monotonically underestimated, and
the sign of the CSA (positive or negative) makes no difference with
regard to the measured DRENAR curve. Note also that very high
spinning rates can diminish the effect of the CSA, an option which
is not normally available with POST-C7 excitation schemes. Since
the BABA-xy16 and its modiﬁcation respond to the CSA in different
ways, the combination of both data sets leads to some dispersal of
the data acquired with the standard and the modiﬁed scheme,
especially when mixing times are long and csa-s are large (see
simulated data for CSAs of 28 and 35 kHz in Fig. S1, Supplemen-
tary information). Fig. 5c shows that for a given magnitude of the
dipolar coupling constant, the underestimation of bjk
2 is universally
dependent on the ratio CSA
spinning rate
2( ) and that this relationship is0 5 10 15 20 25 30
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ral geometry; n¼1, 2, 3 and 4; spin j is coupled to n spins k; the interaction between
lar truncation effects evident from simulated DRENAR curves for a linear three-spin
jk¼0, 0.5, 1, and 2, respectively, assuming bjk¼100 Hz, and vr¼20 kHz, respectively.
Fig. 5. (a) Simulated DRENAR curves of a 2-spin systemwith different CSA values, obtained by combining the data from DQ-DRENAR-BABA-xy16 and modiﬁed DQ-DRENAR-
BABA-xy16, assuming bjk¼400 Hz, and vr¼40 kHz, respectively. To avoid the effect of pulse length, the 90° pulse length is set to be 0.1 sμ . All the parabola ﬁtting range is
0. 5≤ . (b) The underestimation of bjk2 under the effect of CSA at two different spinning speeds. (c) The underestimation of bjk2 as a function of
CSA
spinning rate
2( ) , assuming a dipolar
coupling constant b 400jk= Hz, at two different spinning speeds. The blue dashed curve shows the linear ﬁtting regime within the range of CSAspinning rate
2( ) ≤ 0.5. (d) The
underestimation of bjk
2 as a function of CSA
spinning rate
2( ) for different dipolar coupling strengths bjk2 = 0.4, 1.6, 6.4, and 14.4×10
5 Hz, respectively; simulated for a spinning rate
vr¼40 kHz. The dashed curves denote the linear regimes, using the function a
bjk
bjk
2
2
CSA
spinning rate
2= × ( )
Δ
, where the value of a is weakly dependent on the dipolar coupling
strength. (e) Dependence of fc on
CSA
spinning rate
2( ) and bjk2; vr ¼40 kHz. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)
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spinning rate
2( ) ¼0.5. However, because of the cross terms
involved, moderately different scaling curves are observed for
different dipolar coupling strengths (Fig. 5d). The systematic errors
become less severe for larger dipolar coupling strengths. Based on
these simulation results, we can correct for this underestimation
by means of a calibration factor fc, to be determined by roughly
estimating the dipolar coupling strength from the experimental
data.
⎛
⎝⎜
⎞
⎠⎟f a1
CSA
spinning rate 12ac
2
= + ×
( )
b b ftrue apparent / 12bjk jk c
2 2 (( ) = ) ( )
where a is the slope of the linear function. From Fig. 5d we ﬁnd
a¼1.285, 1.093, 0.967, and 0.913, respectively, for the
b truejk
2 ( )¼0.4, 1.6, 6.4 and 14.4 105× Hz2. The appropriate factor fc
can thus be used to correct for CSA effects. Not unexpectedly, this
calibration factor depends not only on the ratio of csa/spinning
rate, but also on the strength of the magnetic dipole–dipole cou-
pling (see Fig. 5e). When CSA
spinning rate
2( ) exceeds 0.5, the correction is
going to be less reliable, owing to the data dispersal effect ob-
served in the combination of the regular and the modiﬁed BABA-
DRENAR sequences (Fig. S1).
Aside from these details the characteristics of DQ-DRENAR-
BABA-xy16 are found to be quite similar to those of DQ-DRENAR-POST-C7 because of the common properties of the DRENAR prin-
ciple involved. Because of its simpler excitation scheme, BABA may
be expected to give more stable data at differing spinning rates
and at longer mixing times than POST-C7.
3.2. Validation on model compounds
The performance of DQ-DRENAR-BABA-xy16 has been tested
on seven samples containing 16 different sites, covering a wide
range of dipolar coupling strengths. Fig. 6 compares the experi-
mental data with the corresponding simulated curves. The latter
were obtained with the SIMPSON code based on the crystal-
lographic distances, accounting for both ﬁnite pulse lengths under
the experimental conditions (rotor speeds) applied. In the simu-
lation, all the standard samples except crystalline Na5P3O10 are
assumed to be two-spin systems with an effective internuclear
distance calculated from the bk jk
2∑ values from the crystal struc-
ture extending over a distance range of 3-times the closest dis-
tance between coupled nuclei. In crystalline Na5P3O10 the calcu-
lation is based on three-spin systems formed by the phosphate
trimeric units. In addition the effects of CSA are included in the
simulations. Parabolic ﬁts to these simulated curves were con-
ducted within the data range ΔS/S°o0.2–0.5 (depending on the
magnitude of dipolar truncation effects) and the corresponding
Σbjk2 values extracted from these curves are given in column d of
Table 1. The compound CdPS3 (Fig. 6a) presents the most
straightforward case of an isolated two-spin system with a rather
strong dipolar interaction across a short (2.223 Å) internuclear
Fig. 6. Experimental and simulated DQ-DRENAR-BABA-xy16 curves. Dashed curves show simpliﬁed spin cluster simulations based on bk jk
2∑ values from the crystal
structures and taking the effects of ﬁnite pulse length and CSA into account. Solid curves are parabolic approximations based on Eq. (8) to the experimental curves, resulting
in the bk jk
2∑ values listed in Table 1, column d. (a) CdPS3; (b) P, P-[3] ferrocenophane 1: the black squares and red circles represent the signal at 16.6 and 27.7 ppm
respectively; (c) P, P-[3] ferrocenophane 5: the black squares and red circles represent the signal at 6.3 and 26.3 ppm respectively; (d) P, P-[3] ferrocenophane 6: red circles
and black squares represent the signals at 20.9 ppm, and -3.8 ppm respectively; (e) Li13Si4: black squares and red circles represent the 29Si signals at 263.4 and 220.7 ppm,
respectively; (f) Ag7P3S11: blue triangles, red circles and black squares represent the signals at 103.2 ppm, 101.4 ppm and 92.0 ppm, respectively (g): Na5P3O10: red circles and
magenta triangles represent the signal from Q1 (1.3 ppm) and Q2 units (7.4 ppm) of phase I, respectively; black squares and blue triangles represent the Q1 (4.9 ppm) and
Q2 units (5.8 ppm) of phase II, respectively. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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as two-spin systems having variable distances as described in Ref.
[40]. Fig. 6b–d illustrates that these differences are well-resolved
by our DQ-DRENAR-BABA experiments. For all four compounds the
oscillatory parts of the DRENAR curves are in excellent agreement
with those expected from the crystallographic internuclear dis-
tances. Also, the parabolic approximation of the initial data range
up to S S
S
0
0
− ′¼0.4–0.5 leads to a satisfactory agreement of the ex-
perimental dipolar coupling constants with those expected from
the crystal structures. Fig. 6e shows results on a 29Si enriched
(99.34%) sample of Li13Si4. This compound contains two crystal-
lographically distinct silicon sites in a 1:1 ratio: a dimeric Si26
species with an internuclar distance of 2.378 Å (Si-1 site,
263.4 ppm) and a monomeric Si4 species (Si-2 site, 220.7 ppm).
Clearly, DQ-DRENAR is able to resolve the large difference in di-
polar coupling strength between both silicon sites. Also, clear di-
polar truncation effects are evident for the DQ-DRENAR curve of
the monomeric Si-2 species, as these nuclei experience dipolarcoupling to the dimeric Si-1 species, which are strongly coupled
among each other, owing to the short Si–Si distance in this dimeric
Si26 unit.
Crystalline Ag7P3S11 has three different 31P sites, giving rise to
three distinct signals. The signal at 103.2 ppm comes from isolated
[PS4]3 ions, while the other two signals at 101.4 ppm and
92.0 ppm result from a pyrothiophosphate dimer, with a P–P dis-
tance of 3.607 Å. As illustrated by Fig. 6f, the large difference in
dipolar coupling between these two types of P atoms is well re-
solved by the BABA-DRENAR experiment. For the isolated 31P sites
(103.2 ppm), the dipolar truncation effect is again clearly evident,
as also previously reported for DRENAR-POST-C7 experiments
[33]. Finally, Fig. 6g shows the results for the two spectroscopically
resolved crystalline phases of anhydrous Na5P3O10. Both of these
phases have trimeric repeat units. The middle P in the trimer is a
Q2 unit, which connects with two terminal P (Q1 units) through P–
O–P linkages. As expected the Q2 units show a much stronger
dephasing effect than the Q1 units. Also the DRENAR curves for the
Q1 species show some indication of dipolar truncation effects, and
Table 1
31P isotropic chemical shifts (70.5 ppm), CSA values (7 5 ppm), crystallographic (column a) and experimental (column b) distances between closest coupled nuclei in a
range of phosphorus-containing model compounds. Also listed are the bk jk
2∑ values obtained by SIMPSON simulation (column c), the apparent bk jk2∑ values obtained by
parabolic ﬁtting of the experimental data without any corrections (column d), bk jk
2∑ values after ﬁrst order approximation, pulse length and CSA correction (column e) and
theoretical bk jk
2∑ values calculated according to the crystal structure (column f). CSAs are deﬁned according to zz xx yy2
3
Δσ = σ σ σ− ( + ) .
Sample δiso/ppm CSA/ppm Dcry/Å Dexp/Å bk jk
2∑ /105 Hz2(7 10%)
a b c d e f
P, P-[3] ferrocenophane 1 16.6 47 3.653 3.653 1.64 1.0 1.40 1.64
27.7 45 3.653 3.653 1.64 0.87 1.20 1.64
P, P-[3] ferrocenophane 5 6.3 32 3.601 3.50 2.12 1.37 1.72 1.78
26.3 44 3.601 3.50 2.12 1.22 1.67 1.78
P, P-[3] ferrocenophane 6 3.8 49 3.052 3.150 3.98 3.58 4.98 4.81
20.9 38 3.052 3.150 3.98 3.40 4.40 4.81
CdPS3 103.3 26 2.223 2.286 27.2 19.75 25.2 33.3
Ag7P3S11 103.2 15 n.m. n.m. n.m. 0.89 1.06 1.15
101.4 50 3.607 3.427 2.40 1.83 2.30 2.79
92.0 40 3.607 3.339 2.81 2.15 2.65 2.81
Na5P3O10 (I) 1.3 96 2.866 2.783 8.40 5.1 7.32 9.79
7.4 127 2.866 2.80 16.1 8.1 13.7 16.1
Na5P3O10 () 4.9 107 2.867 2.783 8.40 4.8 7.24 10.1
5.8 116 2.967 2.80 16.1, 10.5 16.6 16.1
Li13Si4 263.4 48 2.378 2.432 1.09 0.56 0.86 1.50
220.7 128 n.m. n.m. n.m. 0.14 0.33 0.31
aCrystallographic distance between closest coupled nuclei.
bDistance between closest coupled nuclei estimated by simulation from DQ-DRENAR-BABA-xy16 and its’ modiﬁcation (according to the sum of squared dipolar coupling
constants).
c, d bk jk
2∑ values estimated by simulation from DQ-DRENAR-BABA-xy16 and its modiﬁcation, and parabola ﬁtting of experimental data without any correction.
e bk jk
2∑ values obtained by correcting the values in column c in the form of bk jk2∑ (column d)/
(ff *fp*fc ).
fTheoretical bk jk
2∑ values calculated according to the crystal structure extending over a distance range of 3-times the closest distance between coupled nuclei.
n.m. not measured.
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restricted. Notably, the dipolar coupling constants in this three-
spin system are reasonably well reproduced by the experiment,
despite the relatively large chemical shift anisotropy. The simula-
tion data curves are very close to the experimental data even at
long mixing times, which proves that the sequence performs very
robustly under the conditions applied. Table 1 also compares the
simulated values of Σbjk2 with apparent values (column d), re-
sulting from direct parabolic ﬁtting of the experimental data
without any correction. Clearly such a simpliﬁed procedure pro-
duces unsatisfactory results in many situations where duty cycles
are high and csa-s are large. However, with the pulse lengths and
spinning speeds under experimental control, and approximate CSA
information available from suitable experimental schemes, it will
always be possible to correct such experimental data with the help
of the calibration factors shown in Figs. 3(c) and 5(d), Eqs. (11) and
(13), i.e. by using the three calibration factors fa, fp and fc, according
to the expression:
b b f f ftrue apparent / . 13k jk k jk a p c
2 2( ) ( ) ( )∑ ∑= ( )
This possibility is particularly valuable for the structural ana-
lysis of disordered or glassy materials, for which no rigorous
SIMPSON simulations can be carried out in the absence of crys-
tallographic information on the applicable spin geometries. After
calculating the calibration factors according to Fig. 2b, Eqs. 11
(a) and 12(a), accurate dipolar coupling values can be obtained,
according to Eq. (13).4. Conclusions
As shown by detailed SIMPSON simulations and experimental
model compound work in the present study, the robust Back-to-Back (BABA)-xy16 excitation scheme is a viable alternative to the
windowless POST-C7 pulses in DQ-DRENAR experiments. The re-
sults demonstrate good stability up to long mixing times as well as
high accuracy. As its dipolar scaling factor is 4.24 times as high as
that of POST-C7, DQ-DRENAR-BABA-xy16 is most appropriate for
the measurement of relatively weak dipolar coupling strengths. It
can also be expected to accurately measure the geometry of iso-
lated multiple spin systems from the oscillatory behavior at long
mixing times. Finite pulse length effects and chemical shift ani-
sotropies will result in an underestimation of dipolar coupling
strengths, but their inﬂuences upon the data can be included in
the simulations and/or accounted for by calibration factors in the
parabolic analysis of data within the initial range ΔS/S°o0.5.
Unlike the POST-C7 excitation scheme, the BABA DQ-excitation
poses no limits on MAS-spinning speeds, as there is no ﬁxed re-
lation between nutation frequency and spinning speed. Thus, the
advantages of ultra-fast MAS (including the minimization of CSA
effects) can be realized in this case. Finally, owing to the simpler
DQ-excitation scheme, DQ-DRENAR-BABA-xy16 is expected to
have better performance than DQ-DRENAR-POST-C7 in older
spectrometers with lower pulse programmer switching speeds.5. Experimental details
Ag7P3S11, and CdPS3 are prepared according to literature pro-
cedures [37,38]. Na5P3O10 hydrate was obtained from Aldrich
Chemicals and dried at 250 for 24 h to remove the crystal water
before the measurement. After heating at 250 degree, it is mixture
of two phases [39]. Three P,P-[3] ferrocenophanes were obtained
from collaborators; their NMR characterization is described in Ref.
[40]. The preparation and NMR characteristics of the 29Si enriched
sample of Li13Si4 is described in Ref. [41]. 31P experiments were
done on a Bruker Avance III 300 spectrometer. The DQ-DRENAR-
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with a 2.5 mm probe operating at spinning rates between 20 and
29 kHz. For the P, P-[3] ferrocenophanes and Li13Si4 samples,
measurements were conducted with a 4 mm probe operating at
spin rates between 10.0 and 14.0 kHz. The 31P 90° pulse lengths
are about 3.0 and 4.0 μs, respectively, for the 2.5 mm and 4.0 mm
probe in each BABA pulse block. The 29Si 90° pulse length was
13 μs, and a recycle delay of 5 s was used. The magnetization of 31P
of P, P-[3] ferrocenophanes was obtained by preceding the DRE-
NAR sequence by a 31P{1H} cross polarization (CP) step. The 90°
pulse lengths of 1H and 31P are 4.25 μs and 4.0 μs, respectively. The
power level on the 1H channel during the contact time was line-
arly ramped, corresponding to nutation frequencies ranging from
58.8 kHz to 29.4 kHz. The 31P nutation frequency was held con-
stant at 42.0 kHz. A contact time of 2 ms was used. All the CSA
values used in Table 1 are from the references indicated above
except those for Ag7P3S11 and CdPS3, which are taken from Ref.
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